In recent decades, road extraction from very high-resolution (VHR) remote sensing images has become popular and has attracted extensive research efforts. However, the very high spatial resolution, complex urban structure, and contextual background effect of road images complicate the process of road extraction. For example, shadows, vehicles, or other objects may occlude a road located in a developed urban area. To address the problem of occlusion, this study proposes a semiautomatic approach for road extraction from VHR remote sensing images. First, guided image filtering is employed to reduce the negative effects of nonroad pixels while preserving edge smoothness. Then, an edge-constraint-based weighted fusion model is adopted to trace and refine the road centerline. An edge-constraint fast marching method, which sequentially links discrete seed points, is presented to maintain road-point connectivity. Six experiments with eight VHR remote sensing images (spatial resolution of 0.3 m/pixel to 2 m/pixel) are conducted to evaluate the efficiency and robustness of the proposed approach. Compared with state-of-the-art methods, the proposed approach presents superior extraction quality, time consumption, and seed-point requirements.
Introduction
Accurate and up-to-date road network information is extremely critical for various urban applications, such as navigation and infrastructure maintenance [1] [2] [3] . The advent of modern remote sensing has enabled the extraction of information from very high-resolution (VHR) and highly detailed optical images of roads to update urban road networks [4, 5] . High spatial resolution enriches feature details but complicates object extraction [6] [7] [8] [9] [10] . Although considerable effort has been devoted to road-feature extraction from VHR images, a completely practical road-feature extraction technology remains unrealistic.
A considerable number of articles have been published on road-feature extraction from remote sensing images. Generally, state-of-the-art methods for road-feature extraction from VHR images fall remote sensing imagery. The present study indicates that the synergy of edge information, road centerline probability map, and road spectral feature can overcome the shortcomings of the bias of the road centerline extracted by the fast marching method, which uses spectral feature only. Moreover, our method is robust to road extraction in shaded areas. (b) Another contribution of this study is that the proposed method needs only a few road seed points when extracting an S-shaped or U-shaped road. This characteristic leads to the efficiency of the widespread practical application of road centerline extraction from remote sensing images.
The remainder of this paper is organized as follows. In Section 2, related state-of-the-art methods are reviewed. Section 3 provides an introduction to the proposed method. Experimental results are given in Section 4 and discussed in Section 5. The conclusion is presented in Section 6.
Related Work
Many approaches have been proposed in the last decades for extracting road segmentation from aerial and satellite images. Low-level features can be extracted and heuristic rules (such as connectivity and shape) can be defined in numerous ways to classify structures similar to roads. A geometric stochastic road model based on road width, length, curvature, and pixel intensity was applied in Reference [37] . Hinz and Baumgartner [38] used road models and their contexts, including their knowledge of radiation, geometry, and topology. The disadvantage of these rule-based heuristic models is that obtaining the optimal set of rules and parameters is difficult because of the wide variety of roads. Therefore, these methods can work only in areas where the features used (such as image edges) occur mainly on roads (e.g., rural areas).
Most approaches consider road extraction a binary segmentation problem. The path trajectory point [22] and the angle-based texture feature [23] of a particular pixel can be defined to quantify road probability on the basis of shape. Das et al. [24] adopted the spectral and local linear features of multispectral road images. By combining the probabilistic support vector machine (PSVM) method, dominant singular value method, local gradient function, and vertical central axis transformation method to classify the region, the authors detected the road edge, linked the broken road, and eliminated the non-road area. The advantages of this method were verified by experiments on many road images. In Reference [25] , the image was initially segmented by fused multiscale collaborative representation and graph cuts, and the initial contour of the road was then obtained by filtering the road shape. Finally, the road centerline was obtained through tensor voting. In Reference [26] , the image was first divided into road and non-road through SVM soft classification; then, the probability of each pixel belonging to the road was obtained simultaneously; the final road was acquired through the graph cut method. However, these methods work well in multispectral images only and can detect only the main roads in urban areas. Thus, extracting roads from areas with dense buildings or other areas which are similar to road grayscale is challenging.
Another semiautomatic road extraction method regards road extraction as the connection and tracking problem of road seed points. Hu et al. [27] proposed a segmented parabolic model to delineate road centerline networks. The method first uses seed points to generate parabolic segments and then applies least-squares template matching to calculate parameters for precise parabola extraction. Miao et al. [28] proposed a kernel density estimation method combined with the geodesic method to decrease the number of seed points required for road extraction. Zhou et al. [29] used particle filtering to track road segments between seed points. However, particle filtering is limited by its incapability to effectively deal with road branches. To extend the generalization capability of particle filtering to complex scenarios, Movaghati et al. [30] integrated particle filtering with extended Kalman filtering. Lv et al. [31] proposed a multifeature sparsity-based model that can utilize multifeature complementation to extract roads from high-resolution imagery. Dal Poz et al. [32] proposed a semiautomatic method to extract urban/suburban roads from stereoscopic satellite images. This method uses seed points to construct the road model in the object space. Optimal road segments between seed points are then generated through dynamic programming. Road extraction based on seed points can achieve high precision, but the efficiency is low. The main reason is that the input of road seed points needs human intervention. A large number of required seed points will affect the efficiency of road extraction.
Methodology
As shown in Figure 1 , the proposed approach consists of three main steps. These steps include: (1) Road feature enhancement: The VHR image can reveal ground objects in great detail and depict the color, shape, size, and structure of objects. However, its spectra may contain considerable noise, which may reduce the reliability of the road extraction result. Thus, the image is first filtered through guided filtering to enhance road features; (2) Road probability estimation: Three road features are extracted, and an edge-constraint-based weighted fusion model is introduced for multifeature fusion and road probability estimation; (3) Seed-point connection: The fast marching method is used to link road seed points on the basis of the potential road map. To test the accuracy and efficiency of the proposed approach, the performance of the proposed method on four VHR images is compared with that of other road extraction approaches. 
Road Feature Enhancement
The principle of this step is the compression of nonroad pixel signals in advance. In VHR images, roads are assumed to be locally homogeneous and elongated areas. However, some roads in VHR images are contaminated by numerous nonroad pixels, such as cars and traffic lines. Thus, image filtering is necessary to reduce the negative effect of nonroad pixels. Guided filtering performs edge-preserving smoothing on an image while guided by a second image, the so-called guidance image [39] . Similar to other filtering operations, guided image filtering is a neighborhood operation. However, it accounts for the statistics of the neighboring pixels of a central pixel in the guidance image when calculating the output value.
The commonly used linear translation-variant filtering can be formulated as follows:
where i and j are pixel indices, and I, p, and q denote the input, guidance, and output images, respectively. The filter kernel W ij is the weighted average function of I and p, which is defined as:
where ω k is an overlapping window centered at pixel k; |ω| is the number of pixels in ω k ; µ k and σ 2 k denote the mean and variance of I in ω k , respectively; and ε is a regularization parameter that controls the smoothness degree. The key assumption of guided filtering is a local linear model between I and q [39] . This model is defined as:
where (a k , b k ) are some linear coefficients assumed to be constant in ω k . The two parameters are computed with a linear ridge regression model:
where
Here, p k is the mean of p in ω k . After computing (a k , b k ) for all windows ω k in the image, the output of guided filtering is expressed as:
The guided image filtering result is shown in Figure 2b .
Road Probability Estimation
This step aims to exploit multiple features of roads to overcome the shortcomings of the traditional fast marching method, which only considers spectral information. Thus, to estimate road probability, road spectral information, centerline probability, and edge-energy features are combined through a weighted fusion approach.
Mahalanobis Distance
The initial road seed point generated by users is taken as the central pixel, and its neighboring pixels (i.e., the 5 × 5 window used in this study) are taken as training samples. The Mahalanobis distance [40] is subsequently applied to compute the road probability of pixel x, as follows:
where D M (x) is the value of Mahalanobis distance at pixel x; I(x) is the vector datum of the spectral value of pixel x; and m and C indicate the mean values and the covariance matrix of the training samples, respectively. After computing the Mahalanobis distance values of all pixels, simple thresholding is used to divide the image into the foreground (i.e., road) and background (i.e., nonroad) regions. The thresholding is defined as:
where Label(x) is the class label of the pixel x, and T is the area ratio of the road area to the entire image region. In this study, a road area ratio of 0.2 is obtained through trial-and-error, and 1 and 0 represent the road and nonroad classes, respectively. Figure 2c ,d show the Mahalanobis distance matrix and the corresponding thresholding result, respectively. Then, the road spectral feature can be computed by applying a Gaussian filter, as follows:
where S i,j is the spectral feature value at the pixel location of (i,j), σ is the standard deviation, and k is the slide window size. The obtained road class is processed through distance transformation [41] to produce a distance map D i,j that can be taken as the road centerline probability map. The result is shown in Figure 2e . Although the Mahalanobis distance method misclassifies some nonroad pixels as road pixels, this error negligibly affects the generation of the road centerline probability map because the connection of seed points in this study relies on the fast marching method, which is robust to noise.
Edge Energy
The edge information of remote sensing images has been extensively studied and widely used in the extraction and tracking of linear objects, such as roads and rivers, in medium/low-resolution remote sensing images. Thus, edge information can be used as a constraint for accurate road centerline extraction.
Image edge energy can be computed through an edge-filtering operation. The edge-filter operator filters the image on the basis of spectral variance and local similarity by considering the 3 × 3 neighborhood of a pixel.   
where (i, j) is the spatial coordinate of each pixel in the image, and v i,j is the spectral value of the pixel.
The Laplace operator is one of the most commonly used operators in edge extraction. To enhance the ability of the Laplacian operator to detect changes in the grayscale on the diagonal [42] , a redesigned template that assigns different weights to the vertical, horizontal, and diagonal is defined as follows:
The image is convolved by the above 3 × 3 neighborhood to obtain the edge detection result E i,j , as shown in the following equation:
and
where SA stands for spectral angle and is a measure of similarity between two pixels, and
w represents the spectral values of two pixels.
The edge filter operator has the following characteristics: (1) Small spectral variation in the homogeneous region. This characteristic leads to low edge operator values in the homogeneous region; (2) Sharp changes in the spectral range of the adjacent boundary area. This characteristic leads to high edge operator value in the boundary area. These two characteristics can be used to obtain the edge energy of an image, as shown in Figure 2f .
Road Probability Estimation
The information fusion of road features aims to estimate road candidates, to discard as many false positives as possible, and to improve the consistency of the extracted roads. Most existing fusion methods are feature fusion-based methods that combine multiple features derived from road areas.
Thus, an edge-constraint-based weighted fusion model, which consists of three items, was proposed to integrate road features detected through the approaches presented in Sections 3.2.1 and 3.2.2:
where P is the road probability map; Z is a normalization constant; f S , f D , and f E denote the road spectral feature map, centerline probability, and edge energy information, respectively; f k is a metric calculated through the KDE method [43] to evaluate the distance of any given pixel from the boundary with a range of [0, 1]; α, β, and λ are the weights of the three terms in the model; and Curv E is the curvature measure of current pixels and depends on the relative direction of neighboring vectors [44] . It is defined as
, and i and j are the row and column numbers of the current pixel, respectively.
This model is based on the assumption that the pixel with high spectral intensity, low edge intensity, and small curvature has a dominant role in extraction. The constraints used in the computational model can maximize extraction reliability and accuracy. Figure 2g shows an example of road probability estimation.
Seed-Point Connection
For a given image I and two road seed points p 1 and p 2 , the road potential map P is obtained by the edge-constraint-based weighted fusion model:
The road has a small value on the potential energy map and thus has a large traveling speed term 1/P. Let S = {s 1 , s 2 . . . s n } be the set of paths between p 1 and p 2 , and let l be the length parameter. The energy term is formulated as follows:
The shortest path S i between p 1 and p 2 is denoted as C p 1 ,p 2 . Thus, the energy term E(s) has a global minimum value. For any given pixel x in image I, the value in the minimal energy map of p 1 is defined as:
where U(x) is an Eikonal equation:
The minimal path C p 1 ,p 2 can be obtained by solving the following difference equation:
Here, the fast marching method [34] is used to connect the seed points. The fast marching method is a particular case of level set methods and is a numerical solution of the Eikonal equation.
During fast marching, the pixel with the shortest arrival time is used as the point of the current front, and the minimum arrival time of its four neighborhood points is updated in accordance with the minimum arrival time of the point. Once the loop terminates, the final minimum arrival time of each point in the image is obtained. Then, the road centerline that connects two seed points will be generated. Figure 2h presents an example of seed-point connection through the fast marching method.
Experimental Study
An experimental study was performed with eight VHR remote sensing images to validate the effectiveness and adaptability of the proposed method in road extraction. A discussion of the experimental study is presented in this section, which is divided into three subsections. The first subsection provides a description of the study. The second subsection presents a discussion of the four experimental set-ups. The detailed parameter settings applied in the experimental set-ups are also given in this subsection. Finally, the results of the four experiments are provided in the last subsection.
Datasets
To assess the effectiveness and adaptability of the presented method, experiments were conducted with eight VHR remote sensing images. The images are described below.
The first image is shown in the first row of Figure 3 . It is an aerial image with a spatial resolution of 0.3 m/pixel and a spatial size of 400 pixels × 400 pixels. It was downloaded from Computer Vision Lab [45] . The second image has a spatial resolution of 0.6 m/pixel and a spatial size of 512 pixels × 512 pixels. It was collected by the QuickBird satellite and was downloaded from VPLab [46] . The image is shown in the second row of Figure 3 .
The third and fourth remote sensing images have spatial sizes of 400 pixels × 400 pixels and are shown in Figure 4 . The images were downloaded from Computer Vision Lab [45] . They have a spatial resolution of 0.6 m/pixel and show an area that is mainly covered by vegetation, roads, and buildings.
The fifth image is shown in Figure 5 and has a spatial size of 3500 pixels × 3500 pixels and a spatial resolution of 1 m/pixel. It was collected by the IKONOS satellite and shows an area of Hobart, Australia. This image includes different types of noises, such as vehicle occlusion, sharp roadway curves, and building shadows. The sixth image, which is shown in Figure 7 , was collected by the QuickBird satellite. The image shows an area in Hong Kong. It has a spatial resolution of 0.6 m PAN band and a size of 1200 pixels × 1600 pixels. It includes various road conditions, such as road material changes, vehicle occlusion, and overhanging trees.
The seventh image has a spatial size of 3000 pixels × 3000 pixels and a spatial resolution of 2 m/pixel, as shown in Figure 8 . This image was collected by the WorldView-2 satellite and shows an area of Shenzhen, China, covering a variety of roads with different materials. The image also includes several types of noise, such as zebra crossings, traffic-marking lines, and toll stations.
The eighth image, as shown in Figure 10 , is a grayscale image with a spatial size of 725 pixels × 1018 pixels and a spatial resolution of 1 m/pixel. This image was collected by the IKONOS satellite and shows an area of Hobart, Australia, depicting several road conditions, such as overhanging trees, vehicle occlusion, and roads with large curvatures.
Road extraction from these datasets is challenging because of their very high spatial resolution of 1 m or higher. In addition, as seen from each image, roads, buildings, vehicles, and shade may be conflated with one another. Hence, uncertainties may be encountered during road centerline extraction from these datasets.
Experimental Setup and Parameter Setting
The accuracy and efficiency of the proposed ECFM road extraction method was investigated through the following six experimental setups with the eight VHR remote sensing images shown above.
The first experiment was designed to test the effect of the edge constraint in the proposed approach. Two VHR remote sensing images were used in the experiment, as shown in Figure 3 . Two road seed points were marked by the user, and the road centerline was extracted through our proposed method with edge constraint and through a method without edge constraint. The parameters of the proposed method were T = 0.2, α = 0.9, β = 0.7, and λ = 0.5.
The second experiment aimed to assess the performance of the proposed approach in extracting the centerlines of U-shaped roads. Two VHR remote sensing images showing U-shaped roads were adopted in the experiment, as depicted in Figure 4 . The images have a resolution of 0.6 m. To ensure fair comparison, we compared the proposed ECFM method with (1) Hu et al.'s method [27] and (2) Miao et al.'s method [28] because these two methods rely on user-selected seed points. We used the endpoints at both ends of the U-shaped road as the seed points for road extraction. If the two seed points failed to provide the correct road extraction results, we added some intermediate points to ensure the integrity of the road extraction results. The optimal parameters of each experiment were identified through the trial-and-error method. The parameters of these approaches were as follows: (1) In Hu's method, the window size of the step-edge template was set at h = 5; (2) In Miao's method, the threshold parameter was set at T = 0.002; (3) In the proposed method, the parameters were set as T = 0.2, α = 0.9, β = 0.9, and λ = 0.4.
The third and fourth experiments were designed to investigate the accuracy and efficiency of the proposed ECFM method. This experiment employed satellite images with high spatial resolution and had two objectives. First, similar to the first experiment, it aimed to test the efficiency of the proposed method. Second, it aimed to verify the robustness of our proposed method for the centerline extraction of shadowed roads. We compared the proposed ECFM method with (1) Hu et al.'s method [27] and (2) Miao et al.'s method [28] . The parameter details of each approach are as follows: (1) In Hu's method, the window size of the step-edge template was set at h = 5; (2) In Miao's method, the threshold parameter was set at T = 0.002; (3) In the proposed method, the parameters were varied in accordance with the shading condition of the road. When the road was not shaded, the parameters were set as T = 0.2, α = 0.9, β = 0.9, and λ = 0.4. By contrast, when the road was shaded, the parameters were set as T = 0.2, α = 0.5, β = 0.5, and λ = 0.05.
The experiments were designed as follows:
(1) For all methods, as few seed points are selected as possible to improve the efficiency of road extraction while ensuring integrity. (2) For an occluded road area, road seed points that are not occluded by shadows or automobiles are selected as much as possible to ensure the accuracy of road extraction.
The fifth and sixth experiments aimed to test the road extraction efficiency and accuracy of different methods under the same seed points. The fifth experiment used a Worldview-2 color image, and the sixth experiment used an IKONOS grayscale image. This design had two purposes. The first was to verify the efficiency and accuracy of different methods under the condition of using the same seed points, and the other was to verify the robustness of the methods proposed in this work on images with different color modes (color images and grayscale images). Seed points for these two groups of experiments were obtained by artificial marking. To ensure fairness, road extraction should be conducted according to the collection sequence of artificial seed points when different methods are adopted. (1) Hu et al.'s method [27] and (2) Miao et al.'s method [28] were used here for comparison. The parameters used in these experiments were the same as those applied in the third and fourth experiments.
Results and Quantitative Evaluation
Four accuracy measures [27, 47] were used to evaluate the performance of the presented method. 4) Seed-point number. The ground truth was produced through the hand-drawing method, and the buffer width was set to four pixels.
Test of the Edge Constraint
Two remote sensing images were selected to test the edge constraint effect on road centerline extraction. The results are presented in Figure 3 . The method using edge constraint provided better results than those provided by the method without edge constraint. The results obtained through the method without edge constraint easily deviated from the true road centerline, whereas those obtained through the proposed method with edge constraint could preserve the road centerline. The proposed method using edge constraint is more accurate than other methods because of the two following advantages: First, edge-energy computation and distance transformation can provide the ridgeline of the road segment, as shown in Figure 2g . Second, the fast marching method can trace the road centerline along the ridgeline. The visual comparison of the results, as presented in Figure 3 , illustrates the advantages of the proposed method in road centerline extraction.
Experiment on Centerline Extraction from U-Shaped Roads
The results of the three methods are compared in Figure 4 . This figure shows that all the three methods extracted the expected road centerlines. Compared with that of Hu's method, the performance of Miao's method and the proposed ECFM method improved with the number of road seed points. The proposed ECFM method, however, provided better results for both images than Hu's and Miao's methods. Table 1 shows the quantitative evaluation results of the three methods. Among the three tested methods, the presented method achieved the highest quality values for the two cases. These values coincided with the extraction results presented in Figure 4 . Although Hu's method accurately extracted centerlines, it consumed more road seed points than the other two methods because it requires intermediate road seed points when extracting centerlines from S-or U-shaped road segments. By contrast, the proposed method extracts centerlines from S-or U-shaped roads with only two road seed points. Figure 5 shows that the proposed ECFM method extracted most of the road segments and provided satisfactory results. A visual comparison between the extraction results is shown in Figure 6a -d. This figure shows that the proposed method performed better than the other methods. Table 2 shows the quantitative results of the three methods. The results shown in Table 2 indicate that the three methods successfully extracted a relatively complete road centerline with relatively high extraction quality. Nevertheless, the efficiency of the proposed ECFM method is superior to that of Hu's and Miao's methods. For example, the proposed method used the fewest seed points among all three tested methods. Given that the solution of Hu's method for parabola parameters is heavily dependent on the radiometric features of dual edges, this method will encounter problems when extracting features from images with unclear edges. Specifically, Hu's method will not provide the desired result if the road boundary is unclear. Miao's method exploits the geodesic method to connect road seed points. Its performance, however, is affected by road occlusions. The presented method achieved the highest quality values among all tested methods, indicating that it achieves the best balance between road extraction quality and seed-point consumption. Although Hu's method can extract relatively complete centerlines, its quality values are lower than those of the presented method because the result obtained through Hu's method is biased to the ground truth, whereas that obtained through the presented method is considerably closer to the ground truth. Figure 7 shows that Miao's method cannot efficiently manage abrupt changes, such as road junctions and sudden material changes or conflations, in images. This limitation is attributed to the method's requirement for an intermediate step to measure initial road centerline probability, which is computed on the basis of seed-point information, from the binary road image. Miao's method could not extract the expected road centerline if road segments between seed points were occluded by shadows or by a vehicle. By contrast, the proposed method utilizes edge energy and curvature to reduce the effect of shadows and vehicles on the road. The performance of Hu's method was comparable with that of the proposed method. However, the road seed-point consumption of the proposed method was superior to that of Hu's method. Table 2 shows the quantitative evaluation results of three methods. Although the proposed method used fewer seed points than the other two methods, it obtained higher completeness, correctness, and quality values. These values coincided with the extraction results presented in Figure 7 . The experimental results illustrate that the proposed method is robust to noise and has considerable potential applications in road extraction from VHR remote sensing images. Figure 8 shows that the proposed ECFM method can be used to reliably and accurately extract roads in a wide range of high-resolution remote sensing images. Figure 9 shows the local comparison of roads extracted by different methods. Overall, all three methods can achieve satisfactory results.
The comparison in Figure 9a shows that ECFM and Hu's methods have good anti-noise performance when encountering toll stations, and compared with Miao's method, the road centerline extracted is closer to the center. This difference is due to the fact that Miao's method considers only the spectral features of roads while our and Hu's methods not only consider the spectral features but also combine the edge features. Figure 9b shows that in road sections where road materials change greatly, all three methods can extract the road centerline accurately. Nevertheless, comparison indicates that the road centerline extracted by the ECFM method is smooth, and the technique can maintain high accuracy in sections with large road curvatures. Figure 9c shows the differences among three methods of extracting roads near road intersections. According to the figure, the road centerlines extracted by ECFM and Hu's methods are relatively smooth. The road centerline extracted by Miao's method is easily influenced by vehicles on the road, so the extraction results in the vehicle-intensive area are not smooth enough. Figure 9d shows the results of different methods in the case of shadow occlusion. Comparison shows that Hu's extraction result is relatively smooth because the technique adopts the piecewise parabolic model, which can obtain a relatively smooth curve. However, according to the figure, the road centerline acquired by this method can easily shift. Miao's method is influenced by shadows and cars, which lead to the unsmooth extraction results. The ECFM method proposed in this paper has achieved a relatively balanced performance, and it is better than the compared techniques in terms of road smoothness and accuracy. The statistical results in Table 3 are also consistent with those in Figure 9 . Table 3 shows that the ECFM method performs well in terms of completeness, correctness, and quality under the condition of using the same number and location of road seed points. 4.3.6. Experiment on An IKONOS Grayscale Image Figure 10 shows the results of three different methods for extracting the road centerline from an IKONOS grayscale remote sensing image. As can be seen from the figure, all roads can be extracted completely by the three methods. The road centerline extracted by Hu's method is the smoothest, but the limitation of the piecewise parabolic model it uses causes the extracted results in areas with large changes in road curvature to tend to deviate from the road center. Miao's method and the ECFM method can avoid this problem. Compared with Miao's technique (which considers only the spectral features of roads), the ECFM method (which fuses the edge features and spectral features, thereby potentially overcoming the influence of spectral changes placed by shadows on road extraction results to a certain extent) shows better performance on shadow and vegetation occlusion. As can be seen from the statistical results in Table 3 , the extraction completeness of all three methods is high when the same number and location of road seed points are used. However, our method achieves the best performance in terms of extracting correctness indicators. Similarly, our method demonstrates the best quality. 
Discussion
In this section, we present our analysis and discussion of the parameter sensitivity and computational costs of Experiments 3 and 4. Then, from Experiments 5 and 6, we discuss the influence of the number and location of seed points on road extraction results. The details are provided in the following subsections.
Parameter Sensitivity Analysis
We analyzed the effects of parameters α, β, and λ used in the edge-constraint-based weighted fusion model. These parameters have various effects on road extraction performance. The QuickBird satellite image shown in Figure 7 was tested, and the three parameters were set from 0 to 1 with an interval of 0.075. As shown in Figure 11a , road extraction quality was less than 5% when α was small. However, when α exceeded 0.15, performance suddenly increased and was maintained at approximately 90%. This result indicated that spectral information plays a dominant role in the fusion model. β was proportional to recognition quality, as shown in Figure 11b . Thus, increasing the weight of the road centerline probability feature improves extraction accuracy. Figure 11c shows that the effect of the edge constraint is not proportional to extraction quality. Recognition rate will decrease if λ is excessively small or large. The proposed method yielded a good extraction result when λ was approximately 0.4. 
Computational Cost Analysis
In this section, we present a discussion of the computational cost of the proposed approach. All the experiments were performed on a personal computer with a 3.1-GHz Pentium dual-core CPU and 16-GB memory. Each experiment was repeated five times, and the average running time and seed-point number of the proposed approach with IKONOS and QuickBird satellite images are presented in Table 4 . The proposed method ensured correct road extraction and consumed less computational time than the other two methods. According to this analysis, without considering the number and location of seed points, the road extraction efficiency of the method proposed in this work is the highest, thereby introducing an effective way for the extensive practical application of extracting road centerline from remote sensing images. In general, the presented method is moderately efficient. 
Number and Location of Seed Points Analysis
In the third and fourth experiments, we adopted the strategy of obtaining the highest extraction quality by multiple extractions regardless of the number and location of seed points to compare different methods. As can be seen from Table 4 , on the premise of ensuring the extraction quality, the number and time of seed points required by different methods remarkably vary. On the premise of obtaining the highest quality, our method requires the fewest number of seed points and time. However, the location and number of seed points have a considerable influence on different methods, and whether they are key factors affecting the experimental results needs to be analyzed.
Therefore, in the fifth and sixth experiments, to verify the influence of the number and location of seed points on the road extraction results of different methods, we used the same number and location of seed points to conduct comparative experiments. Seed points were obtained by artificial marking before the start of comparative experiment. The experimental results and statistical results show that the ECFM method produces good results in both groups of experiments. The statistical results in Table 5 indicate that when the same number of seed points is used, Miao's method consumes the shortest time, followed by the ECFM method, and Hu's method consumes the longest time. This finding is due to the fact that Miao's method uses the simplest features, while Hu's method uses the piecewise parabolic model and least-squares template matching, thereby prolonging the optimization of the road curve. Meanwhile, our method uses three features (spectral feature, edge feature, and road centerline probability), and the time required is also increased compared with Miao's method. A comparison of the data in Tables 4 and 5 shows that when a similar number of seed points is applied, the time required by our method to extract roads from different remote sensing images is remarkably different. This result has a substantial relationship with the resolution of the image used, the size of the area, and the density of the road network. A high resolution of the remote sensing image, large area, and high road network density result in a long extraction time.
Conclusions
This study presents a semiautomatic approach that uses road seed points to extract road centerlines from VHR remote sensing images. An edge-constraint-based weighted fusion model was introduced to overcome the influence of road occlusion and noise on road extraction. Finally, an edge-constraint fast marching method was proposed to improve the accuracy and quality of the road extraction results.
Six experiments were conducted on eight VHR remote sensing images that are related to different road conditions, including vehicle occlusion, sharp roadway curves, and building shadows. The advantages of the proposed method are as follows: (1) favorable road extraction accuracy and efficiency and (2) robustness to extracting road centerlines from VHR remote sensing images. Overall, the presented method is a superior and practical solution to road extraction from VHR optical remote sensing images.
In future work, the performance of the proposed method on additional types of remote sensing images, such as unmanned aerial vehicle images with very high spatial resolution, will be extensively investigated. The application of the proposed method to roads constructed from different materials and the automatic selection of road seed points are interesting future research directions.
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